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ABSTRACT  12 
This study investigated the effects of ferrate and ozone pre-oxidation on disinfection 13 
byproduct (DBP) formation from subsequent chlorination or chloramination. Two natural 14 
waters were treated at bench-scale under various scenarios (chlorine, chloramine, each with 15 
ferrate pre-oxidation, and each with pre-ozonation). The formation of brominated and 16 
iodinated DBPs in fortified natural waters was assessed. Results indicated ferrate and ozone 17 
pre-oxidation were comparable at molar equivalent doses for most DBPs. A net decrease 18 
in trihalomethanes (including iodinated forms), haloacetic acids (HAAs), dihaloacetonitrile, 19 
total organic chlorine, and total organic iodine was found with both pre-oxidants as 20 
compared to chlorination only. An increase in chloropicrin and minor changes in total 21 
organic bromine yield were caused by both pre-oxidants compared to chlorination only. 22 
However, ozone led to higher haloketone and chloropicrin formation potentials than ferrate. 23 
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The relative performance of ferrate versus ozone for DBP precursor removal was affected 24 
by water quality (e.g., nature of organic matter and bromide concentration) and oxidant 25 
dose, and varied by DBP species. Ferrate and ozone pre-oxidation also decreased DBP 26 
formation from chloramination under most conditions. However, some increases in THM 27 
and dihaloacetonitrile formation potentials were observed at elevated bromide levels. 28 
 29 
Keywords: ferrate pre-oxidation; ozone pre-oxidation; organic matter, chlorine 30 
disinfection; chloramine disinfection; disinfection byproducts  31 
 32 
1. Introduction 33 
While crucial in the prevention of waterborne disease, drinking water disinfection with 34 
chlorine has caused concern as more than 600 disinfection byproducts (DBPs) with 35 
potential adverse health effects have been detected in chlorinated waters (Richardson et al., 36 
2007). Among the known DBP species, trihalomethanes (THMs) and haloacetic acids 37 
(HAAs) are the two most prevalent groups formed in chlorinated water and have been 38 
regulated by the United States Environmental Protection Agency (Seidel et al., 2017). 39 
Other unregulated DBPs, e.g., iodinated THMs (I-THMs), haloacetonitriles (HANs), 40 
haloketones (HKs), and chloropicrin (CP), have raised attention due to higher toxicity, 41 
carcinogenicity and mutagenicity (Daniel et al., 1986; Plewa et al., 2004; Plewa et al., 2002; 42 
Robinson et al., 1989). The formation of brominated and iodinated DBPs in waters with 43 
elevated levels of bromide and iodide calls for increased focus because brominated and 44 
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iodinated DBPs are more toxic than their chlorinated analogues (Langsa et al., 2017; Plewa 45 
et al., 2004) 46 
Many utilities have turned to chloramines, which produce only trace amounts of THMs 47 
and trihalogenated HAAs (THAAs), to control regulated DBP formation in finished water 48 
(Diehl et al., 2000).  However, chloramines can cause other water quality and operational 49 
problems and their use has not always been viewed as the best option. Instead, many 50 
utilities have chosen to make process changes to improve the removal of DBP precursors, 51 
and use of pre-oxidation features prominently in these strategies. Application of oxidants 52 
(e.g. ozone) can help by partially oxidizing DBP precursors within natural organic matter 53 
(NOM), and by having a beneficial impact on subsequent processes that affect final DBP 54 
concentrations (Camel and Bermond, 1998).   55 
The use of oxidants, and ozone in particular, for abatement of THM precursors was an 56 
early area of research even in advance of the 1979 THM rule.  Many of these early studies 57 
were poorly documented (Rice, 1980; Rosen, 1980; Stevens and Symons, 1976) and as a 58 
result, it’s difficult to draw quantitative conclusions from this work. Subsequent research 59 
on the role of radical scavengers and chlorination protocols (Reckhow et al., 1986) has led 60 
to better design of precursor oxidation studies.  Most studies have shown increasing 61 
abatement of THM precursors with increasing transferred ozone dose when treating waters 62 
with SUVA values of 2 or greater. At an transferred ozone dose of 1 mg-O3/mg-C, the 63 
typical percent abatement is 15-35%, when subsequent chlorination is at near neutral pH 64 
(Hu et al., 2010b; Hua and Reckhow, 2013; Reckhow et al., 1986; Xiong and Graham, 65 
1992; Yang et al., 2012). 66 
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Ozone was found to destroy chlorination DBP precursors with the efficacy order of 67 
DHANs > THMs ≈ THAAs > DHAAs, and also decreased the yields of DHAAs and THMs 68 
from chloramination (Hua and Reckhow, 2013; Wert and Rosario-Ortiz, 2011). However, 69 
pre-ozonation followed by chlorination was found to increase CP formation by 2−10 times 70 
in different waters (Hoigné and Bader, 1988; Jacangelo et al., 1989). 71 
Pre- or intermediate ozonation may affect the performance of downstream treatment 72 
processes and thereby further impact final DBP concentrations. Although studied by 73 
several groups, the many effects of pre-ozonation on coagulation is still not easy to 74 
characterize or predict (Becker and O’Melia, 1995; Edwards and Benjamin, 1992; 75 
Reckhow et al., 1986; Schneider and Tobiason, 2000). Perhaps most important are the 76 
impacts on granular media filtration, either due to changes in biodegradation or adsorption.  77 
It has long been known that precursors to many DBPs are subject to biological degradation 78 
on acclimated media filters (Tobiason et al., 1993). Accordingly, ozone has been shown to 79 
enhance precursor removal in subsequent filtration much as it does removal of bulk NOM 80 
(Speitel et al., 1993). This impact is substantial and it affects precursors to different DBPs 81 
differently (de Vera et al., 2016; Krasner et al., 2012). 82 
Ferrate (Fe(VI)) has been proposed as an alternative pre-oxidant in drinking water 83 
treatment. In addition to being a powerful disinfectant (Hu et al., 2012; Jiang et al., 2007; 84 
Schink and Waite, 1980), ferrate can oxidize many aquatic pollutants (Goodwill et al., 2016; 85 
Jiang, 2007; Lee et al., 2003; Murmann and Robinson, 1974; Sharma, 2002) while 86 
producing fewer regulated halogenated byproducts as compared to other oxidants more 87 
commonly deployed in water treatment (Sharma, 2013, 2011, 2010). Also, ferric iron 88 
resulting from ferrate decomposition may support coagulation (Goodwill et al., 2015; Jiang 89 
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and Wang, 2003; Ma and Liu, 2002), and catalyze ferrate decomposition (Y. Jiang et al., 90 
2015). For DBP precursor removal, ferrate oxidation has been found to decrease the THM, 91 
HAA, HAN, and HK formation from chlorination, and the I-THM and N-92 
nitrosodimethylamine (NDMA) formation from chloramination (Gan et al., 2015; Jiang et 93 
al., 2016a; Lee et al., 2008; Yang et al., 2013; Zhang et al., 2015). The addition of ferrate 94 
to a small-scale drinking water treatment system showed positive impacts on finished water 95 
quality without negative impacts on downstream processes (Goodwill et al., 2016).  96 
Compared to ozone, ferrate oxidation seems to produce lower levels of bromate due to 97 
the slow reaction rate between ferrate and bromide (Jiang et al., 2016b). Ferrate can be 98 
considered a simpler alternative to ozone, as it can be produced offsite without ancillary 99 
systems, or produced onsite using common water treatment inputs. In-situ electrochemical 100 
production is also possible (Dubrawski et al., 2018; Jiang et al., 2015; Villanueva-101 
Rodríguez et al., 2012; Yates et al., 2014a). There are, of course, disadvantages of Fe(VI) 102 
as compared to O3, including the handing of ferric iron solids (Yates et al., 2014b). Most 103 
Fe(VI) adaptation has been in treatment of industrial wastes, and utilization for drinking 104 
water treatment is limited (Cui et al., 2018; Goodwill et al., 2016), partly due to lack of 105 
information on performance, and extant research needs. No research has directly compared 106 
the effects of ferrate and ozone pre-oxidation on DBP formation from chlorination or 107 
chloramination, especially when there are elevated levels of bromide and iodide.  108 
The reactions of strong oxidants like ozone with NOM and the ways in which these 109 
reactions propagate through subsequent treatment processes are difficult to study without 110 
simplifying the systems in some way. A reductionist approach has been commonly used 111 
whereby sub-components of full treatment system are been studied in isolation, and then 112 
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the pieces assembled to get a better picture for the complete system.  This study represents 113 
a reductionist study of the direct impacts of pre-oxidation on DBP precursors. 114 
The principal objectives of this research were (1) to investigate DBP formation under 115 
various oxidation scenarios (chlorine, chloramine, each with ferrate pre-oxidation, and 116 
each with pre-ozonation); (2) to compare the effectiveness of ferrate versus ozone pre-117 
oxidation for DBP control; and (3) to determine the effect of oxidant dose, and bromide 118 
and iodide concentrations on DBP precursor transformation by ferrate and ozone. 119 
2. Materials and methods 120 
2.1 Chemicals and reagents 121 
Potassium ferrate (K2FeO4, 93%), potassium bromide (99.95%), potassium iodide 122 
(99.99%), and other reagents were purchased from Sigma-Aldrich (St. Louis, MO, US) or 123 
Fisher-Scientific (Fair Lawn, NJ, US). All aqueous solutions were prepared with ultrapure 124 
water produced by a Milli-Q system (Advantage A10, Millipore, Billerica, MA). The 125 
chlorine was sourced as a laboratory grade ~5.5% solution of sodium hypochlorite (Fisher-126 
Scientific). The strength of chlorine stock solution was confirmed by titration each time 127 
before use. 128 
2.2 Natural water samples 129 
Two water samples were collected from the drinking water utilities in Gloucester (GL), 130 
Massachusetts (MA) and Norwalk (NW), Connecticut (CT). Table 1 shows the chemical 131 
characteristics of the raw waters. The dissolved organic carbon (DOC) concentration of the 132 
GL and NW waters were 4.0 and 3.2 mg/L, respectively. The nature of this DOC was 133 
characterized through specific ultra-violet absorbance (SUVA) (Edzwald, 1993; Edzwald 134 
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et al., 1985). In general, SUVA values > 4 indicate NOM comprised of a high fraction of 135 
aquatic humic matter, with high aromatic and hydrophobic character, and higher molecular 136 
weights (Van Benschoten and Edzwald, 1990). The GL water SUVA was 6.2, compared 137 
to 3.4 to NW, indicating a much different NOM character. The waters also contained low 138 
concentrations of bromide, 51.2 and 28.7 µg/L for the GL and NW water, respectively. The 139 
iodide concentrations were not determined but expected to be at trace amount (< 10 µg/L) 140 
(von Gunten, 2003). 141 
Table 1. Raw water characteristics 142 
Sample Location pH 
Bromide 
(µg/L) 
DOC 
(mg/L) 
UV254 
(cm-1) 
SUVA 
(L/mg/m) 
Carbonate 
alkalinity 
(mM) 
Gloucester (GL), 
MA 
6.0 51.2 4.0 0.24 6.0 0.3 
Norwalk (NW), 
CT 
7.2 28.7 3.2 0.11 3.4 NA* 
NA*: Not Analyzed 143 
2.3 Experimental methods 144 
Raw waters were treated at bench scale under various oxidation scenarios (chlorine, 145 
chloramine, each with ferrate pre-oxidation, and each with pre-ozonation). All experiments 146 
were conducted just once, due to the large experimental matrix. As such, only larger (> 147 
10%) differences between conditions is discussed, supported by monotonic changes from 148 
multilevel tests. The pH was adjusted to 7.0 by dropwise addition of sodium hydroxide 149 
(NaOH) or sulfuric acid (H2SO4) solutions as needed, prior to the preoxidation step. For 150 
each raw water, two typical doses of ferrate and ozone (low and high, see Table 2) were 151 
added under rapid mixing (G ~ 350 sec-1). The pH was monitored during preoxidation and 152 
only adjusted during rapid mixing if it deviated ± 0.1 from the set point, which occurred 153 
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infrequently, following a previously published procedure (Goodwill et al., 2016). The 154 
ferrate and ozone doses for the GL water were approximately 100% higher for those for 155 
the NW water due to the higher UV254 absorbance values of the GL water of the same 156 
proportion. Oxidant dosing was based on UV254 absorbance as a surrogate measurement 157 
for DBP precursors (Edzwald et al., 1985; Valade et al., 2009).  158 
Ferrate oxidation was initiated by dosing K2FeO4 solids to the waters under rapid 159 
mixing at 20 ºC. For pre-ozonation, an ozone stock solution was prepared using a 160 
previously published method (Lee et al., 2008; McCurry et al., 2016) involving bubbling 161 
an ozone and oxygen mixture through 2-L chilled (~6 degrees C) reactor filled with Milli-162 
Q water. The Milli-Q water was made slightly acidic  (Reckhow et al., 1986)  to decrease 163 
potential decay of O3 via the formation pathway of OH-radical (Staehelin and Holgné, 1982) 164 
using ~50 µL of 500 mM nitric acid, and also shielded from light.  165 
Ozonation was conducted in a batch mode by adding a certain volume of the saturated 166 
ozone stock solution (c.a., 24 mg/L, spectrophotometrically determined using e = 3200 M-167 
1cm-1 at l = 260 nm, (von Sonntag and von Gunten, 2012)) to the raw water samples. 168 
Following oxidation, the samples were filtered (glass fiber filter (GF/F), effective size 169 
cutoff of 0.7 µm, Whatman, Clifton, NJ) and saved for subsequent chlorination or 170 
chloramination. 171 
Chlorination and chloramination were conducted on both raw water samples and pre-172 
oxidized samples in 300-mL chlorine demand-free, glass-stoppered bottles. Chloramine 173 
pre-formed by mixing aqueous ammonium sulfate and sodium hypochlorite solutions at a 174 
Cl2/N molar ratio of 0.8:1. The pH of both solutions was adjusted to 8.5 before mixing 175 
(Hua and Reckhow, 2007a). New solutions were made before each use. The same chlorine 176 
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or chloramine doses were applied to the raw water and pre-oxidized water for each sample. 177 
Chlorine and chloramine doses were determined based on preliminary demand testing of 178 
the raw waters. The target residuals were 0.5−1.5 mg Cl2/L for both free chlorine and 179 
chloramine after a 72-h incubation time at 20 ºC and pH 7.0 (5 mM phosphate buffer) in 180 
the dark. The samples were incubated headspace-free after being dosed. Residuals were 181 
quenched by sodium arsenite (Dodd et al., 2006; Kristiana et al., 2014) at the end of 182 
incubation at 120% of the required stoichiometric dose (Reckhow and Singer, 1990). Each 183 
water was also spiked with different concentrations of bromide (0, 0.15 or 0.8 mg/L) and 184 
iodide (0, 0.05 or 0.2 mg/L) before being treated by the above oxidation scenarios. Table 185 
2 summarizes the experimental conditions used in this study. A resulting bromide 186 
concentration of 0.85 mg/L is high compared to more common values for surface water 187 
bodies in the United States (Amy et al., 1995); however, bromide concentrations may be 188 
elevated in some areas due to power generation facilities (Good and Vanbriesen, 2017), 189 
and Br- concentrations of this order in ground and surface waters have been previously 190 
studied with respect to oxidation and DBPs (Allard et al., 2013).  191 
Table 2 Oxidation Conditions 192 
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 193 
2.4 Analytical methods 194 
Analyzed DBPs included four chlorine- and bromine-containing THMs (THM4), nine 195 
chlorine- and bromine-containing HAAs (HAA9), three dihaloacetonitriles (DHANs) 196 
(dichloro-, bromochloro-, and dibromoacetonitriles), two haloketones (HKs) 197 
(dichloropropanone (DCP) and trichloropropanone (TCP)), and chloropicrin (CP). In 198 
addition, total organic chlorine (TOCl), total organic bromine (TOBr), and total organic 199 
iodine (TOI) were determined for bromide and iodide spiked samples. Six iodinated THMs 200 
(CHCl2I, CHBr2I, CHBrClI, CHClI2, CHBrI2, and CHI3) were also analyzed in iodide-201 
fortified samples. THM4, DHANs, HKs, and CP were determined by liquid/liquid 202 
extraction with pentane followed by gas chromatography and electron capture detection 203 
(GC/ECD) according to USEPA Method 551.1. Method detection limits for these 204 
compounds were in the range of 0.015-0.15 µg/L.  HAA9 were quantified by liquid/liquid 205 
extraction with methyl-tertiary-butyl-ether (MtBE) followed by derivatization with acidic 206 
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methanol and by GC/ECD according to USEPA Method 552.2. Method detection limits 207 
for these compounds were in the range of 0.13-0.78 µg/L. Iodinated THMs (I-THMs) were 208 
analyzed by liquid/liquid extraction with pentane followed by GC/ECD, using 1,2-209 
dibromopropane as an internal standard (Hua et al., 2006). Halogen-specific total organic 210 
halogen (TOX, including TOCl, TOBr, and TOI) were determined by high-temperature 211 
combustion and off-line ion chromatography (Hua and Reckhow, 2006). Method detection 212 
limits for TOX were in the range of 1.4-10.0 µg/L. The standard deviation of DBP 213 
measurements of 4.4% is estimated based on the worst-case central tendency of numerous 214 
replicates measured in parallel (see Text S1, Tables S1 – S4 and Figure S1 for additional 215 
information). Bromate was analyzed by an ultra-performance liquid 216 
chromatography−triple quadrupole mass spectrometer (UPLC−MS/MS; Waters Corp., 217 
Milford, MA) with an estimated detection limit of 0.05 µg/L.  218 
2.5 Relative Toxicity Assessment 219 
THMs resulting from each experimental matrix were assessed for relative toxicity using a 220 
previously published procedure (Allard et al., 2015; Smith et al., 2010), utilizing the same 221 
C50 values (i.e., the concentration of each individual THM inducing a 50% decrease in the 222 
density of Chinese Hamster Ovary cells treated for 72 h). Relative cytotoxicity assessments 223 
enable a comparison of cytotoxicity results from THMs from each experimental condition.  224 
 225 
3. Results and discussion 226 
3.1 Effect of ferrate and ozone pre-oxidation on the formation of THMs, THAAs, DHAAs, 227 
and DHANs from chlorination 228 
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Figure 1 shows speciation of THMs, DHAAs, THAAs, and DHANs at various bromide 229 
concentrations and oxidation scenarios for GL water with (NW results are shown in Figure 230 
S2). The GL water with higher DOC and SUVA values had higher DBPFPs than the NW 231 
water. Increasing the bromide concentration clearly shifted the formation of chlorinated to 232 
brominated DBPs. This is because chlorine can rapidly oxidize bromide to free bromine 233 
(Kumar and Margerum, 1987), and bromine reacts about 10 times faster with NOM isolates 234 
(Westerhoff et al., 2004). Without pre-oxidation, the total yield in each DBP class did not 235 
significantly change with the bromide concentration as the total number of reactive sites 236 
on NOM which can react with free chlorine and bromine is approximately constant. More 237 
DHANs were detected at higher bromide concentrations. Yu and Reckhow (2015) reported 238 
that the brominated DHANs were more stable than the chlorinated ones. Based on their 239 
estimation, the half-lives of dichloroacetonitrile (DCAN), bromochloroacetonitrile 240 
(BCAN), and dibromoacetonitrile (DBAN) at pH 7 with 6−9 mg/L chlorine were about 3 241 
days, 1 week, and 3 weeks, respectively. At 0 and 0.15 mg/L bromide, the dominant DHAN 242 
species was DCAN which might have partly degraded after three days of chlorination. 243 
Therefore, the total DHAN yields at different bromide concentrations would be similar if 244 
the degraded DCAN at lower bromide concentrations was taken into consideration. 245 
In the GL water, ferrate generally exhibited slightly better performance in decreasing 246 
the DBPFPs than ozone. For example, the lower doses of ferrate and ozone decreased the 247 
formation of THMs by 17-31% and 16-22%, respectively. Other DPBs followed a similar 248 
trend. An exception was at 0.8 mg/L bromide where ferrate had lower removal of DHAA 249 
and THAA precursors than ozone. Both preoxidants decreased subsequent HAA formation 250 
to a lesser extent than THMs.  251 
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In the NW water, ferrate and ozone exhibited comparable performance in 252 
decreasing the THM yield from chlorination. The lower doses of ferrate and ozone 253 
decreased the THM formation potentials (THMFPs) by 18−24% and 21−26%, and the 254 
higher doses of ferrate and ozone decreased the THMFPs by 40−47% and 36−43%, 255 
respectively. For DHAAs, ferrate led to similar or slightly larger decreases in DHAA yield 256 
than ozone at the higher doses, whereas ozone performed better at the lower doses. The 257 
lower doses of ferrate and ozone only slightly decreased the dihaloacetic acid formation 258 
potentials (DHAAFPs), and the higher doses of ferrate and ozone decreased the formation 259 
of DHAAs by 23−29% and 18−26%, respectively. Ozone caused greater decreases in 260 
THAA and DHAN yields than ferrate under all NW water conditions (Fig. S2). The lower 261 
doses of ferrate did not significantly decrease the formation of THAAs, with lower doses 262 
of ozone decreasing approximately 25%. Both ferrate and ozone caused slight and similar 263 
changes to DHANs at lower dosages. More substantial changes were realized at the higher 264 
doses of ferrate and ozone.  In addition, DHAA and THAA precursor removal by ferrate 265 
generally decreased in the presence of bromide, whereas for ozone at the higher dose, the 266 
percentage of decreases in DHAA and THAA yield was greater with bromide present 267 
compared to that without bromide fortified. 268 
 269 
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 270 
Figure 1. Speciation of THMs, DHAAs, THAAs, and DHANs at various bromide 271 
concentrations under different oxidation scenarios for the GL water. 272 
The relative performance of ferrate versus ozone for DBP precursor removal was 273 
affected by water quality (e.g., nature of organic matter and bromide concentration) and 274 
oxidant dose and varied by DBP species. In the lower SUVA NW water, at 0 and 0.15 275 
mg/L bromide, ferrate achieved greater THM and DHAA precursor abatement than ozone 276 
at the higher doses, whereas at the lower doses, ozone performed better than ferrate. At 0.8 277 
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mg/L bromide, ozone caused greater decreases in THM and DHAA yield than ferrate at 278 
both doses. It seems that in the NW water the ratio of oxidant dose to bromide concentration 279 
determined the better oxidant for THM and DHAA precursor removal. Ferrate performed 280 
better at the higher oxidant to bromide ratio, whereas ozone was more effective at the lower 281 
oxidant to bromide ratio. For THAAs and DHANs, ozone generally achieved higher 282 
precursor removal than ferrate under all conditions in the NW water. 283 
Song et al. (2016) found ferrate preferentially oxidized hydrophobic/transphilic NOM 284 
fractions and high molecular weight (MW) molecules. This might explain the better 285 
performance of ferrate in the higher SUVA GL water for DBP precursor removal. In the 286 
NW water containing NOM with lower SUVA, incomplete oxidation/transformation (e.g. 287 
partial cleaving of larger organic molecules) of NOM at the lower ferrate dose might have 288 
produced new DBP precursors. For example, the formation potentials of DHAAs and 289 
THAAs at 0.15 and 0.8 mg/L bromide were increased by the lower dose of ferrate 290 
indicating the organic byproducts produced by the lower dose of ferrate were reactive with 291 
bromine and produced DHAAs and THAAs. Similarly, Hua and Reckhow (2013) reported 292 
that ozone increased the DHAA yield and had limited effects on the THM and THAA 293 
yields in low SUVA waters. In addition, ferrate and ozone generally decreased the yields 294 
of chlorinated species in each DBP class. However, due to the high reactivity of bromine 295 
for reactions with NOM, the formation of brominated DBPs was less affected by pre-296 
oxidation. This less significant effect of pre-oxidation on brominated DBP formation was 297 
also indicated by the increased bromine substitution factor (BSF) (Hua et al., 2006) with 298 
pre-oxidation (see Figure S3). In addition, bromine is more reactive with hydrophilic and 299 
low MW precursors resulting in more THM and HAA formation (Hua and Reckhow, 300 
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2007b). The generally higher BSFs of the specific DBP classes for the NW water than 301 
those for the GL water are consistent with the differnece in SUVA value between the two 302 
waters.  303 
The effects of ferrate and ozone pre-oxidation on DBP precursor removal were also 304 
compared with previous studies. The impact of ozonation on DBPs has been extensively 305 
studied and rigiously reviewed (von Gunten, 2003). Reckhow et al. (1986) determined the 306 
removal of THM, DHAA, and THAA precursors by (primarily molecular) ozone at pH 7.0 307 
and different carbonate concentrations in a fulvic acid solution extracted from Black Lake 308 
(BL, Elizabethtown, North Carolina (NC)). The impact of preozonation on HAA formation 309 
potential was found to decrease by approximatey 50% using conditions simmilar to that in 310 
this study (Chin and Bérubé, 2005). Ferrate and ozone destroyed DBP precursors to extents 311 
similar to those observed for ozone in GL water at medium to high carbonate 312 
concentrations (see Figure S4).  313 
Figure S5 shows the formation of bromate after ferrate and ozone oxidation (without 314 
chlorination) of the GL water at different bromide concentrations and pH 7.0. At equivalent 315 
doses, the bromate yields from ozonation were 2.5−4.5 times those from ferrate oxidation. 316 
The USEPA maximum contaminant level (MCL) of bromate in drinking water (10 µg/L) 317 
was exceeded when the water was oxidized by the higher dose of ozone (4 mg/L) at 0.8 318 
mg/L bromide. The bromate yields from ferrate oxidation were below 4 µg/L under all 319 
conditions. These results generally agreed with a previous study that found bromate 320 
formation from ferrate oxidation decreased with increasing pH and the bromate yields from 321 
ferrate oxidation (2.8 mg/L) of a natural water in the presence of 1.0 mg/L bromide were 322 
21.5 and 1.87 µg/L at pH 6.2 and 7.5, respectively (Jiang et al., 2016b). Bromate yields 323 
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from ozone preoxidation where consistently higher than ferrate preoxidation under all test 324 
conditions. In the GL water, with a maximum of approximatley 10 µg/L (0.08 µM), the  325 
ozone dose normalized bromate yield was approximately 0.001 µM BrO3/µM O3, which is 326 
in agreement with prior bromate yield assessments and modeling efforts with varying 327 
NOM (Amy, 1997).  328 
3.2 Effect of ferrate and ozone pre-oxidation on the formation of trichloropropanone (TCP) 329 
and chloropicrin (CP) from chlorination 330 
Only the TCP formation potential (TCPFP) is shown for chlorination because TCP is the 331 
dominant HK species formed by chlorination and DCP was below detection limit. A 332 
previous study also found that free chlorine favored the formation of TCP over DCP (Hua 333 
and Reckhow, 2007a). Figure 2 shows that ozone led to higher TCPFP than ferrate under 334 
all conditions. At the lower doses, ferrate seemed to slightly increased the TCPFP for the 335 
GL and NW water, respectively, whereas at the higher doses, ferrate decreased the TCPFP 336 
in the GL water. Ferrate has been reported to have small and site-specific effects on HK 337 
formation potentials (Jiang et al., 2016a; Yang et al., 2013). In contrast, ozone pre-338 
oxidation increased the TCPFP under all conditions. Low and high ozone dosages 339 
increased TCPFP by 17 and 23% for the GL water, and by 24 and 53% for the NW water. 340 
Ketones constitute a major class of organic byproducts of ozonation (Nawrochi et al., 2003).  341 
Without pre-oxidation, CP formation potential (CPFP) was 0.7 and 0.8 µg/L for the GL 342 
and NW waters, respectively, well within the national range for CP (Richardson et al., 343 
2007). Both ferrate and ozone increased CPFP, however, this increase was less for ferrate 344 
than ozone, especially at the higher dosages. With ozone, increases of 18 and 86% at the 345 
lower doses, and 230 and 830% at the higher doses were observed for the GL and NW 346 
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waters, respectively. CPFP greatly increased with increasing ozone dose but not with 347 
ferrate dose. Jiang et al. (2016a) observed increases in CPFP up to 95% with ferrate pre-348 
oxidation, and pre-ozonation was reported to increase the CPFP by 2−10 times in different 349 
waters (Hoigné and Bader, 1988; Hu et al., 2010b; Jacangelo et al., 1989). 350 
Ozonation/chlorination treatment of lysine, glycine, and triethanolamine produced high CP 351 
yields (Hoigné and Bader, 1988; Shan et al., 2012), and new CP precursors were formed 352 
through oxidation of amine groups to nitro groups (Bond et al., 2014; McCurry et al., 2016). 353 
It seems that ozone created more nitro groups than ferrate by oxidizing organic amines, 354 
which might result from differences in oxidation kinetics between ozone and ferrate. Ozone 355 
has a second order reaction rate constant 2 orders of magnitude faster than ferrate for the 356 
oxidation of a second-degree amine (i.e. dimethylamine) at pH 7 (Lee and von Gunten, 357 
2010). Also, the higher dose of ozone increased the CPFP of the NW water to a much 358 
greater extent than the GL water, even though oxidant exposure were higher for NW water. 359 
This is likely because the NW water contained more hydrophilic NOM than the GL water 360 
and the hydrophilic fractions of NOM were determined as the major halonitromethane 361 
precursors (Hu et al., 2010a). Jiang et al., 2016 determined the extent of ferrate 362 
transformation of DBP precursors was independent of exposure, and ferrate pre-oxidation 363 
at lower pH yielded the same or slightly greater transformation at lower pH (and lower 364 
exposure values). Subsequent treatment, including biofiltration could impact precursors 365 
resulting from preoxidation, as discussed previously (Tobiason et al., 1993).  366 
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 367 
Figure 2. Effect of ferrate and ozone pre-oxidation on the formation of TCP and CP from 368 
chlorination. Plots on the left read to the left axis and are in terms of µg/L. Plots on the 369 
right read to the right axis and are in terms of change in yield (%). Negative change in yield 370 
(%) indicates decrease in DBP yield, whereas positive change in yield (%) indicates 371 
increase in DBP yield. (TCP = trichloropropanone, CP = chloropicrin, GL = Gloucester, 372 
NW = Norwalk). 373 
3.3 Effect of ferrate and ozone pre-oxidation on the formation of TOCl, TOBr, and TOX 374 
from chlorination 375 
Figure 3 shows the formation of TOCl, TOBr, and TOX in the presence of different 376 
concentrations of bromide under each oxidation scenario. Without pre-oxidation, the total 377 
yield of TOX did not significantly change with the bromide concentration, attributed to the 378 
constant number of reactive sites on NOM to react with chlorine and bromine. Increasing 379 
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the bromide concentration decreased the TOCl but increased the TOBr yield. The fraction 380 
of chlorine incorporated into TOCl (TOCl concentration divided by the chlorine dose) for 381 
the GL and NW water decreased from 33 and 27% at 0 mg/L bromide, to 22 and 24% at 382 
0.8 mg/L bromide, respectively. These chlorine incorporation ratios indicate that the 383 
reactive sites on NOM only reacted with a small fraction of added chlorine. The fraction 384 
of bromide incorporated into TOBr approached 100% for the raw water and the water 385 
fortified with 0.15 mg/L bromide, whereas the bromide incorporation ratio at 0.8 mg/L 386 
bromide ranged from 87 to 65% for the GL and NW waters, respectively. These bromide 387 
incorporation ratios suggest that the concentration of NOM reactive sites was sufficient for 388 
all bromine produced at 0.15 mg/L, but insufficient for the amount of bromine produced at 389 
0.8 mg/L.  390 
Ferrate and ozone pre-oxidation generally decreased the TOCl but did not appreciably 391 
change the TOBr yields. However, in NW water at 0.8 mg/L bromide, both oxidants 392 
decreased TOBr yield, with ozone to a greater extent. This decrease in TOBr can be 393 
attributed to a combination of increased bromate yield as a sink for bromine (e.g. 394 
HOBr/OBr-) and a decrease in NOM sites able to react to form bromo-organics, 395 
(Sulzberger et al., 1997). Increased bromate yield is expected in waters with lower NOM 396 
concentrations (Siddiqui et al., 1995) and with NOM comprised of lower molecular 397 
weights and hydrophobicity (Amy, 1997), as is the case in NW water compared to GL 398 
water. Additionally, for the higher SUVA GL, ferrate pre-oxidation (Gan et al., 2015; 399 
Graham et al., 2010; Song et al., 2016) and ozone pre-oxidation (Bose et al., 1994; Edwards 400 
and Benjamin, 1992; Westerhoff et al., 1999) likely caused fragmentation shifts from 401 
hydrophobic to hydrophilic NOM, some of which were still reactive with bromine. With 402 
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some reactive sites destroyed and new ones created, pre-oxidation did not significantly 403 
change the TOBr yield. In contrast, for the NW water with lower SUVA value, pre-404 
oxidation may have destroyed the reactive sites with fewer new sites produced. Therefore, 405 
the TOBr yield in the NW water was decreased by pre-oxidation at 0.8 mg/L bromide. No 406 
significant decreases in TOBr yield were observed for the other two bromide 407 
concentrations. This is because at 0 and 0.15 mg/L bromide, the remaining reactive sites 408 
after pre-oxidation were still suffcient to react with all bromine despite of the decreased 409 
concentration of reactive sites. This combination increased the bromate yeild and increased 410 
the destrubtion of reactive sites and likely contributed to lower TOBr at the highest bromide 411 
situation for the NW water. For TOCl, chlorine was in excess of the reactive sites under all 412 
conditions. Pre-oxidation likely destroyed the reactive sites on NOM and thus decreased 413 
the TOCl yield. As TOX was dominated by TOCl, TOX showed similar trends as TOCl 414 
and was decreased by pre-oxidation. 415 
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 416 
Figure 3. Effect of ferrate and ozone pre-oxidation on TOCl, TOBr, and TOX yields from 417 
chlorination at different bromide concentrations. 418 
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 421 
Figure 4. Correlations between the TOBr concentration and the bromine concentration in 422 
specific DBP groups. 423 
Figure 4 shows that TOBr had linear relationships with the bromine concentration in 424 
each specific DBP class, demonstrating that the variation of bromine concentration in 425 
known DBP species can indicate the change in TOBr concentration under different 426 
oxidation scenarios. However, TOCl did not have good linear relationships with the 427 
chlorine concentration in each DBP class (see Figure 6S). Figure 5 shows that ferrate and 428 
ozone pre-oxidation decreased the unknown TOX (UTOX) yield under most conditions. 429 
Ferrate and ozone pre-oxidation generally did not change the UTOX/TOX ratio, due to the 430 
transformation of both known and unknown DBP precursors by pre-oxidation. 431 
Nevertheless, some increases in the UTOX/TOX ratio were observed, especially at high 432 
ozone doses. 433 
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 434 
Figure 5. Effect of ferrate and ozone pre-oxidation on UTOX and UTOX/TOX ratio 435 
following chlorination at different initial bromide concentrations 436 
 437 
3.4 Effect of ferrate and ozone pre-oxidation on the formation of iodinated DBPs from 438 
chlorination 439 
Figure 6 shows the I-THMs, TOI, unknown TOI (UTOI), and UTOI/TOI ratio under 440 
different oxidation scenarios in iodide fortified water. With chlorination only (no pre-441 
oxidation), dichloroiodomethane (CHCl2I) was the dominant I-THM species. The fraction 442 
of iodide incorporated into TOI was 25 and 15% at 0.05 mg/L iodide, for the GL and NW 443 
waters, and less at 0.2 mg/L iodide. These low iodide incorporation ratios were due to the 444 
oxidation of iodide to iodate by free chlorine (Bichsel and Von Gunten, 1999; Hua and 445 
Reckhow, 2007a; Hua et al., 2006). Allard et al. (2015) demonstrated longer free chlorine 446 
contact times, such as the 72 hours used in this study used in this study, are recommend for 447 
more complete conversion of iodide to iodate. Hua and Reckhow (2007a) observed that 448 
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hydrophilic and low MW precursors produced more I-THMs, whereas hydrophobic and 449 
high MW precursors were more reactive with iodine in TOI and UTOI formation. Our 450 
results also showed that the specific TOI and UTOI yields (normalized to the DOC 451 
concentration) were higher for the GL water, whereas the specific I-THM yields were 452 
similar for the two waters. Without pre-oxidation, the UTOI/TOI ratio was also higher for 453 
the GL water, and decreased with the iodide concentration.  454 
Pre-oxidation greatly decreased the formation potential of CHCl2I and the total I-THM 455 
yield. Other I-THM species, e.g., CHClBrI and CHBr2I, accounted for larger fractions of 456 
the total I-THMs as a result of pre-oxidation. Ferrate and ozone can oxidize iodide to iodate, 457 
leaving less iodide to be oxidized to active iodine during chlorination, which decreased the 458 
formation of iodinated DBPs (Bichsel and Von Gunten, 1999; Zhang et al., 2015). It is 459 
clear that the application of ozone can mitigate some iodine-derived water issues (Allard 460 
et al., 2013).  Shin et al. (2018) reported that ferrate can completely oxidize I– to IO3 – in 461 
pure water at near-neutral pHs within a minute and the half-life of HOI treated by ferrate 462 
is estimated to be only a few seconds and comparable to ozone, predicting low I-DBP 463 
formation with ferrate pretreatment of real waters similar to ozonation. Table 3 shows that 464 
for I-THM precursor removal, ozone performed slightly better than ferrate in the GL water, 465 
whereas ferrate achieved greater decreases in I-THM yield in the NW water. Ozone led to 466 
lower TOI formation from chlorination than ferrate in both waters. The UTOI yield was 467 
decreased by ferrate and ozone pre-oxidation at 0.05 mg/L iodide, whereas some increases 468 
were observed at 0.2 mg/L iodide (see Figure 6). The UTOI/TOI ratio generally increased 469 
by pre-oxidation, which was due to the greater decreases in I-THM yield than the TOI yield 470 
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caused by pre-oxidation. Ferrate pre-oxidation led to slightly higher UTOI/TOI ratio than 471 
ozone. 472 
 473 
Figure 6. Effect of ferrate and ozone pre-oxidation on I-THMs, TOI, UTOI, and 474 
UTOI/TOI at different iodide concentrations with chlorination. I-THM results for the 0.2 475 
mg/L I- condition read to the right axis 476 
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Table 3. The percentage of decreases in I-THM and TOI yield by ferrate and ozone pre-477 
oxidation with chlorination. 478 
Iodide 
(mg/L) 
 
 
Decrease in  
I-THM yield* (%) 
Decrease in  
TOI yield (%) 
 Dose GL NW GL NW 
0.05 
Ferrate 
Low 49 45 34  43 
High 68  70  48  53  
Ozone 
Low 50 37 59 55 
High 71 54 60 56 
0.2  
Ferrate 
Low 53  49 24  4 
High 86  81 25  20 
Ozone 
Low 74 40 33 20 
High 89 75 59 37 
* I-THM yield was calculated by adding up the mass-based concentrations of the six I-THM species. 479 
3.5 Effect of ferrate and ozone pre-oxidation on the formation of THMs, DHAAs, and 480 
DHANs from chloramination 481 
Figure 7 includes speciation of THMs, DHAAs, and DHANs at various bromide 482 
concentrations under different oxidation scenarios. Generally, the DBPFPs with 483 
chloramination were much lower than those with chlorination. The results for THAAs are 484 
not shown because chloramine produced little THAAs, and DHAAs were the most 485 
abundant DBP species detected for chloramination. Without pre-oxidation, increasing the 486 
bromide concentration shifted the formation of chlorinated DBPs to brominated DBPs, 487 
similar to chlorination. Other studies found bromide increased the formation of brominated 488 
DBPs during chloramination (Diehl et al., 2000; Yang et al., 2007). Bromide can react with 489 
chloramine forming bromochloramine (Luh and Mariñas, 2014), and the bromine atom of 490 
bromochloramine is very labile and reactive (Valentine, 1986). Therefore, 491 
bromochloramine may play important roles in DBP formation and the products are similar 492 
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to those produced by free bromine (Diehl et al., 2000). This formation of reactive 493 
bromochloramine might also have caused the higher DBPFPs at elevated bromide levels 494 
in the NW water (see Figure S7). 495 
Figure S8 shows the change in yield of THM, DHAA, and DHAN derived by pre-496 
oxidation compared to chloramination only (see Figure 7 for concentrations in GL water). 497 
Yields were calculated by adding up the molar concentrations of all species in each group. 498 
The magnitude of decreases in THM yield by pre-oxidation diminished with added 499 
bromide. At 0 and 0.15 mg/L bromide, different doses of ferrate and ozone decreased the 500 
THMFPs of the two waters by 4−36 and 24−53%, respectively. However, at 0.8 mg/L 501 
bromide, increases in THM yield were observed for both pre-oxidants. Ferrate pre-502 
oxidation increased the THMFP for all conditions, while ozone decreased the THMFP of 503 
the GL water, but increased the THMFP of the NW water by 12 and 32% at the low and 504 
high doses, respectively. These increases in THMFP at elevated bromide level can be 505 
attributed to two aspects: First, ferrate and ozone are able to oxidize bromide forming free 506 
bromine (Haag and Holgné, 1983; Jiang et al., 2016b), that can react with NOM to directly 507 
or indirectly form DBPs. Secondly, pre-oxidation might have changed NOM into forms 508 
that reacted with bromochloramine more readily and produced THMs; however, this was 509 
not directly confirmed in this work. Therefore, brominated NOM could have contributed 510 
to the increased THMFPs at 0.8 mg/L bromide. The reason for the decreases in THMFPs 511 
at 0 and 0.15 mg/L bromide might be that little free bromine or bromochloramine was 512 
produced at low bromide levels and pre-oxidation partly destroyed THM precursors, the 513 
balanced effect of which was an overall decrease in THMFPs. To demonstrate the effects 514 
observed at elevated bromide levels, the reactivity of NOM after pre-oxidation with 515 
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chloramine and bromochloramine requires further investigation. More work is required to 516 
examine the reactivity of pre-oxidized NOM with chloramine and bromochloramine and 517 
to determine DBP formation after direct ozonation of natural waters with elevated levels 518 
of bromide and assess the contribution of free bromine. TOBr following preoxidation with 519 
the high ferrate dose in the high bromide fortified GL water was 0.33 µM.  520 
Ferrate and ozone decreased the DHAA formation potentials (DHAAFPs) almost under 521 
all conditions, however, the decreases from lower doses of ferrate and ozone were minor. 522 
The higher doses of ferrate and ozone decreased the DHAAFPs by 18−36 and 15−40%, 523 
respectively. These decreases in DHAAFP indicated the abatement of DHAA precursors 524 
by pre-oxidation exceeded the newly produced precursors, if any, which can react with 525 
chloramine or bromochloramine forming DHAAs. The decreases in DHAA yield by pre-526 
oxidation were the lowest at 0.8 mg/L bromide. 527 
Ferrate pre-oxidation generally led to lower DHAN formation potentials (DHANFPs) 528 
than ozone; however, net increases in DHANFPs were observed for both pre-oxidants, 529 
especially in the GL water. The reason for the increased DHAN yield with pre-oxidation 530 
should be similar to that for enhanced THM formation, either due to the formation of free 531 
bromine or increased reactivity of NOM toward bromochloramine or chloramine. Figure 532 
S8 shows that different doses of ferrate and ozone increased the DHANFP for the GL water, 533 
and decreased the DHANFP in the NW water at the higher dosages. These large differences 534 
between the two waters indicated that the effect of pre-oxidation on DHAN formation from 535 
chloramination was also greatly affected by water quality. Hua and Reckhow (2013) also 536 
found that DHAN precursor removal was site-specific, and the ability of ozone to destroy 537 
DHAN precursors depends on water quality and precursor properties. Ferrate and ozone 538 
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pre-oxidation also increased the BSFs of THMs, DHAAs, and DHANs with 539 
chloramination (see Figure S9). 540 
 541 
Figure 7. Effect of ferrate and ozone pre-oxidation on the formation of THMs, DHAAs, 542 
and DHANs from chloramination at different bromide concentrations for the GL water. 543 
3.6 Effect of ferrate and ozone pre-oxidation on the formation of DCP and CP from 544 
chloramination 545 
The dominant HK species with chloramination was DCP, differing from the chlorination 546 
result. TCP was below detection limit due to the inability of chloramine to produce 547 
trihalogenated byproducts (Hua and Reckhow, 2007a). Figure 8 shows that for DCP, the 548 
lower doses of ferrate slightly increased the DCP formation potential (DCPFP). DCPFP 549 
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decreased with increasing ferrate dose. In contrast, the DCPFP was increased by ozone pre-550 
oxidation under all conditions. The lower doses of ozone increased the DCPFP by 34 and 551 
74%, and the higher doses of ozone increased the DCPFP by 54 and 130% for the GL and 552 
NW waters, respectively. These results indicate that the byproducts from oxidation, e.g. 553 
ketones, might be able to react with chloramine forming DCP. Ozone led to higher DCPFP 554 
than ferrate under all conditions. 555 
Similar to chlorination, the CP formation from chloramination was also increased by 556 
both pre-oxidants. Ozone pre-oxidation generally led to higher CP yields than ferrate. The 557 
CP formation potential (CPFP) of the GL water without pre-oxidation was below detection 558 
limit. Ferrate and ozone pre-oxidation followed by chloramination produced CP of 0.19 559 
and 0.13 µg/L at the lower doses, and 0.25 and 0.33 µg/L at the higher doses, respectively. 560 
For the NW water, both the low and high oxidant doses yielded increased CPFFP. CP yield 561 
for ozone was higher than that of ferrate, with the high ozone dose more than doubling the 562 
CP yield.  563 
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 564 
Figure 8. Effect of ferrate and ozone pre-oxidation on DCP and CP formation from 565 
chloramination. 566 
3.7 Effect of ferrate and ozone pre-oxidation on the formation of iodinated DBPs from 567 
chloramination 568 
Figure 9 shows the I-THMs, TOI, UTOI, and UTOI/TOI ratio at different iodide 569 
concentrations under different oxidation scenarios. Chloramine (without pre-oxidation) 570 
produced some amounts of iodoform (CHI3), which was not detected with chlorination (see 571 
Figure 6). Total I-THM yields for the GL were slightly lower with chloramination than 572 
with chlorination, whereas chloramine produced more I-THMs than chlorine in the NW 573 
water (compare Figures 6 and 9). Chloramine oxidized iodide to iodine and did not further 574 
oxidize iodine to iodate (Hua and Reckhow, 2007a; Kumar et al., 1986). In contrast, free 575 
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chlorine was able to partially oxidize iodide to iodate and thus decrease the I-DBPFP. 576 
Iodinated THMs could form during chlorination, especially when there was significant 577 
competition from NOM for iodine (Hua and Reckhow, 2007b). Therefore, no consistent 578 
trend regarding whether chlorine or chloramine produced more I-THMs was observed. In 579 
contrast, the TOI yields were much higher with chloramination than with chlorination for 580 
both waters, attributable to the greater oxidation of iodide to iodate by chlorine than 581 
chloramines (Allard et al., 2015; Hua and Reckhow, 2007a; Jones et al., 2011). At 0.05 and 582 
0.2 mg/L iodide, the percentages of iodide incorporated into TOI with chloramination were 583 
greater for the GL water, than for the NW water. As previously noted, hydrophobic and 584 
high MW precursors are more reactive with iodine in TOI and UTOI formation. Therefore, 585 
the specific TOI and UTOI yields with chloramination were also higher in the high SUVA 586 
GL water than the NW water. 587 
Ferrate and ozone greatly decreased the formation potential of I-THMs, UTOI, and TOI, 588 
by oxidizing iodide to iodate. For I-THMs, the formation of CHCl2I was decreased by pre-589 
oxidation, whereas some increases in CHBr2I yield were observed. Table 4 and Figure 9 590 
indicate that ferrate decreased the I-THM yield more than ozone in most cases, whereas 591 
ozone generally led to lower UTOI and TOI yields than ferrate. Under different conditions, 592 
both ferrate and ozone decreased the yields for I-THMs, UTOI and TOI, with ozone 593 
achieving a larger change. Without pre-oxidation, the UTOI/TOI ratios ranged from 594 
72−98%, indicating that I-THMs only constituted a small fraction of TOI. Pre-oxidation 595 
generally did not significantly change the UTOI/TOI ratio. 596 
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 597 
Figure 9. Effect of ferrate and ozone pre-oxidation on I-THMs, TOI, UTOI, and UTOI/TOI 598 
at different iodide concentrations with chloramination. 599 
 600 
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Table 4. The percentage of decreases in I-THM and TOI yield by ferrate and ozone pre-601 
oxidation with chloramination. 602 
Iodide 
(mg/L) 
 
 
Decrease in 
I-THM yield* (%) 
Decrease in  
TOI yield (%) 
 Dose GL NW GL NW 
0.05 
Ferrate 
Low 86 69 67 56 
High 86 76 85 84 
Ozone 
Low 71 49 80 65 
High 80 77 93 82 
0.2  
Ferrate 
Low 84  93 73  75 
High 96  98 89  83 
Ozone 
Low 86 77 84 72 
High 92 97 92 90 
* I-THM yield was calculated by adding up the mass-based concentrations of the six I-THM species. 603 
 604 
3.8 Effect of ozone and ferrate on relative cytotoxicity of trihalomethanes 605 
The relative cytotoxicity resulting from Fe(VI) and O3 generally followed a similar pattern 606 
(see Figure S10) proportional to the concentration of each DBP. Toxicity of regulated 607 
THMs (e.g. THM4) and iodinated THMs following chlorination were decreased by 608 
increasing dosages of both ozone and ferrate. THM4 following chlorination was much 609 
lower following chloramination, however, preoxidation with both O3 and Fe(VI) increased 610 
relative cytotoxicity in the high bromide fortified NW water. The high Fe(VI) dose 611 
condition also increased toxicity in the high bromide fortified GL water in a way O3 612 
preoxidation did not. Relative cytotoxicity was highest for iodinated THMs in the 613 
chloramination condition, attributed to the lack of iodate formation in the absence of free 614 
chlorine. Under these conditions, both Fe(VI) and O3 pre-oxidation decreased relative 615 
toxicity orders of magnitude in the high iodide fortified waters.  616 
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4. Conclusions 617 
Ferrate and ozone pre-oxidation were generally comparable at equivalent doses for the 618 
abatement of numerous DBP precursors, following both chlorination and chloramination. 619 
The estimated relative cytotoxicity of THM4 and I-THMs resulting from Fe(VI) and O3 620 
followed similar trends. For both pre-oxidants, TOBr had linear relationships with the 621 
bromine concentration in each specific DBP class, suggesting variation of bromine 622 
concentration in known DBP species can indicate the change in TOBr concentration. 623 
Key differences in performance between the two pre-oxidants were also found. O3 624 
increased the HK, CP and DHAN yields to greater extents than Fe(VI). Bromate yields 625 
from O3 preoxidation where consistently higher than Fe(VI) under all test conditions. In 626 
contrast, O3 led to lower TOI values than Fe(VI) in the higher I- fortified conditions with 627 
both chlorination and chloramination. The relative performance of Fe(VI) versus O3 pre-628 
oxidation for DBP precursor abatement depended on water quality. In general, Fe(VI) led 629 
to lower DBPs in high SUVA water with lower bromide concentrations.  630 
 631 
Acknowledgements 632 
This work was supported primarily through the USEPA STAR Program (83560201). 633 
Additional support for J.E.G. came from the Department of Interior, Bureau of 634 
Reclamation (R17AC00133). The expressed views are elusively those of the authors, not 635 
the funding agencies.  636 
 637 
  638 
 
37 
 
REFERENCES 639 
Allard, S., Nottle, C.E., Chan, A., Joll, C., von Gunten, U., 2013. Ozonation of iodide-640 
containing waters: Selective oxidation of iodide to iodate with simultaneous 641 
minimization of bromate and I-THMs. Water Res. 47, 1953–1960. 642 
doi:10.1016/j.watres.2012.12.002 643 
Allard, S., Tan, J., Joll, C.A., Von Gunten, U., 2015. Mechanistic Study on the Formation 644 
of Cl-/Br-/I-Trihalomethanes during Chlorination/Chloramination Combined with a 645 
Theoretical Cytotoxicity Evaluation. Environ. Sci. Technol. 49, 11105–11114. 646 
doi:10.1021/acs.est.5b02624 647 
Amy, G., 1997. Formation and Control of Brominated Ozone By-products. AWWARF, 648 
Denver, CO. 649 
Amy, G., Siddiqui, M., Zhai, W., DeBroux, J., Odem, W., 1995. Survey on bromide in 650 
drinking water and impacts on DBP formation. AWWARF, Denver, CO. 651 
Andrew de Vera, G., Keller, J., Gernjak, W., Weinberg, H., Farre, M., 2016. 652 
Biodegradability of DBP precursors after drinking water ozonation 106, 550–561. 653 
doi:10.1016/j.watres.2016.10.022 654 
Becker, W.C., O’Melia, C.R., 1995. The effect of ozone on the coagulation of turbidity 655 
and TOC, in: Proceedings of the 12th Congress of the International Ozone Assoc. 656 
Bichsel, Y., Von Gunten, U., 1999. Oxidation of iodide and hypoiodous acid in the 657 
disinfection of natural waters. Environ. Sci. Technol. 33, 4040–4045. 658 
doi:10.1021/es990336c 659 
Bond, T., Templeton, M.R., Rifai, O., Ali, H., Graham, N.J.D., 2014. Chlorinated and 660 
nitrogenous disinfection by-product formation from ozonation and post-chlorination 661 
of natural organic matter surrogates. Chemosphere 111, 218–224. 662 
doi:10.1016/j.chemosphere.2014.03.090 663 
Bose, P., Bezbarua, B., Reckhow, D., 1994. Effect Of Ozonation On Some Physical and 664 
Chemical Properties Of Aquatic Natural Organic Matter. Ozone Sci. Eng. 16, 89–665 
112. 666 
Camel, V., Bermond, A., 1998. The use of ozone and associated oxidation processes in 667 
drinking water treatment. Water Res. 32, 3208–3222. doi:10.1016/S0043-668 
1354(98)00130-4 669 
Chin, A., Bérubé, P.R., 2005. Removal of disinfection by-product precursors with ozone-670 
UV advanced oxidation process. Water Res. 39, 2136–2144. 671 
doi:10.1016/j.watres.2005.03.021 672 
Cui, J., Zheng, L., Deng, Y., 2018. Emergency water treatment with 673 
ferrate( <scp>vi</scp> ) in response to natural disasters. Environ. Sci. Water Res. 674 
Technol. doi:10.1039/C7EW00467B 675 
Daniel, F.B., Schenck, K.M., Mattox, J.K., Lin, E.L.C., Haas, D.L., Pereira, M.A., 1986. 676 
 
38 
 
Genotoxic properties of haloacetonitriles: Drinking water by-products of chlorine 677 
disinfection. Toxicol. Sci. 6, 447–453. doi:10.1093/toxsci/6.3.447 678 
Diehl, A.C., Speitel, G.E., Symons, J.M., Krasner, S.W., Hwang, C.J., Barrett, S.E., 679 
2000. DBP formation during chloramination. J. / Am. Water Work. Assoc. 92, 76–680 
90. 681 
Dodd, M.C., Vu, N., Ammass, A., Le, V.C., Kissner, R., Pham, H.V., Cao, T.H., Berg, 682 
M., Von Gunten, U., 2006. Kinetics and Mechanistic Aspects of As (III) Oxidation 683 
by Aqueous Chlorine, Chloramines, and Ozone: Relevance to Drinking Water 684 
Treatment. Environ. Sci. Technol. 40, 3285–3292. doi:10.1021/es0524999 685 
Dubrawski, K.L., Cataldo, M., Dubrawski, Z., Mazumder, A., Wilkinson, D.P., Mohseni, 686 
M., 2018. In-situ electrochemical Fe(VI) for removal of microcystin-LR from 687 
drinking water: comparing dosing of the ferrate ion by electrochemical and chemical 688 
means. J. Water Health 16, wh2018187. doi:10.2166/wh.2018.187 689 
Edwards, M., Benjamin, M., 1992. Transformation of NOM by Ozone and its Effect on 690 
Iron and Aluminum Solubility. J. Am. Water Works Assoc. 84, 56–66. 691 
Edzwald, J., 1993. Coagulation in drinking water treatment: Particles, organics and 692 
coagulants. Water Sci. Technol. 27, 21–35. 693 
Edzwald, J.K., Becker, W.C., Wattier, K.L., 1985. Surrogate parameters for monitoring 694 
organic matter and THM precursors. J. / Am. Water Work. Assoc. 77, 122–131. 695 
Gan, W., Sharma, V.K., Zhang, X., Yang, L., Yang, X., 2015. Investigation of 696 
disinfection byproducts formation in ferrate(VI) pre-oxidation of NOM and its 697 
model compounds followed by chlorination. J. Hazard. Mater. 292, 197–204. 698 
doi:10.1016/j.jhazmat.2015.02.037 699 
Good, K.D., Vanbriesen, J.M., 2017. Power Plant Bromide Discharges and Downstream 700 
Drinking Water Systems in Pennsylvania. Environ. Sci. Technol. 51, 11829–11838. 701 
doi:10.1021/acs.est.7b03003 702 
Goodwill, J.E., Jiang, Y., Reckhow, D.A., Gikonyo, J., Tobiason, J.E., 2015. 703 
Characterization of Particles from Ferrate Preoxidation. Environ. Sci. Technol. 49, 704 
4955–4962. doi:10.1021/acs.est.5b00225 705 
Goodwill, J.E., Jiang, Y., Reckhow, D.A., Tobiason, J.E., 2016. Laboratory assessment 706 
of ferrate for drinking water treatment. J. Am. Water Work. Assoc. 108, 164–174. 707 
doi:http://dx.doi.org/10.5942/jawwa.2016.108.0029 708 
Goodwill, Mai, X., Jiang, Y., Reckhow, D.A., Tobiason, J.E., 2016. Oxidation of 709 
manganese (II) with ferrate: Stoichiometry, kinetics, products, and impact of organic 710 
carbon. Chemosphere 159, 457–464. doi:10.1016/j.chemosphere.2016.06.014 711 
Graham, N., Khoi, T., Jiang, J., 2010. Oxidation and Coagulation of Humic Substances 712 
by Potassium Ferrate. Water Sci. Technol. 62, 929–936. 713 
Haag, W.R., Holgné, J., 1983. Ozonation of Bromide-Containing Waters: Kinetics of 714 
Formation of Hypobromous Acid and Brómate. Environ. Sci. Technol. 17, 261–267. 715 
 
39 
 
doi:10.1021/es00111a004 716 
Hoigné, J., Bader, H., 1988. The formation of trichloronitromethane (chloropicrin) and 717 
chloroform in a combined ozonation/chlorination treatment of drinking water. Water 718 
Res. 22, 313–319. doi:10.1016/S0043-1354(88)90120-0 719 
Hu, J., Song, H., Addison, J.W., Karanfil, T., 2010a. Halonitromethane formation 720 
potentials in drinking waters. Water Res. 44, 105–114. 721 
doi:10.1016/j.watres.2009.09.006 722 
Hu, J., Song, H., Karanfil, T., 2010b. Comparative Analysis of Halonitromethane and 723 
Trihalomethane Formation and Speciation in Drinking Water: The Effects of 724 
Disinfectants, pH, Bromide, and Nitrite. Environ. Sci. Technol. 44, 794–799. 725 
doi:10.1021/es902630u 726 
Hu, L., Page, M.A., Sigstam, T., Kohn, T., Mariñas, B.J., Strathmann, T.J., 2012. 727 
Inactivation of bacteriophage MS2 with potassium ferrate(VI). Environ. Sci. 728 
Technol. 46, 12079–12087. doi:10.1021/es3031962 729 
Hua, G., Reckhow, D.A., 2013. Effect of pre-ozonation on the formation and speciation 730 
of DBPs. Water Res. 47, 4322–4330. doi:10.1016/j.watres.2013.04.057 731 
Hua, G., Reckhow, D.A., 2007a. Comparison of disinfection byproduct formation from 732 
chlorine and alternative disinfectants. Water Res. 41, 1667–78. 733 
doi:10.1016/j.watres.2007.01.032 734 
Hua, G., Reckhow, D.A., 2007b. Characterization of disinfection byproduct precursors 735 
based on hydrophobicity and molecular size. Environ. Sci. Technol. 41, 3309–3315. 736 
doi:10.1021/es062178c 737 
Hua, G.H., Reckhow, D.A., Kim, J., 2006. Effect of bromide and iodide ions on the 738 
formation and speciation of disinfection byproducts during chlorination. Environ. 739 
Sci. Technol. 40, 3050–3056. doi:10.1021/es0519278 740 
Jacangelo, J.G., Patania, N.L., Reagan, K.M., Aieta, E.M., Stuart, W., Mcguire, M.J., 741 
1989. Ozonation: Assessing its role in the formation and control of disinfection by-742 
products. J. Am. Water Work. Assoc. 81, 74–84. 743 
Jiang, J.-Q., Durai, H.B.P., Winzenbacher, R., Petri, M., Seitz, W., 2015. Drinking water 744 
treatment by in situ generated ferrate(VI). Desalin. Water Treat. 55, 731–739. 745 
doi:10.1080/19443994.2014.938303 746 
Jiang, J., Wang, S., 2003. Enhanced coagulation with potassium ferrate (VI) for removing 747 
humic substances. Environ. Eng. Sci. 20, 2003. 748 
Jiang, J.Q., 2007. Research progress in the use of ferrate(VI) for the environmental 749 
remediation. J. Hazard. Mater. 146, 617–623. doi:10.1016/j.jhazmat.2007.04.075 750 
Jiang, J.Q., Wang, S., Panagoulopoulos, A., 2007. The role of potassium ferrate(VI) in 751 
the inactivation of Escherichia coli and in the reduction of COD for water 752 
remediation. Desalination 210, 266–273. doi:10.1016/j.desal.2006.05.051 753 
 
40 
 
Jiang, Y., Goodwill, J.E., Reckhow, D.A., Tobiason, J.E., 2016a. Impacts of ferrate 754 
oxidation on natural organic matter and disinfection byproduct precursors. Water 755 
Res. 96, 114–125. doi:10.1016/j.watres.2016.03.052 756 
Jiang, Y., Goodwill, J.E., Tobiason, J.E., Reckhow, D.A., 2016b. Bromide oxidation by 757 
ferrate(VI): The formation of active bromine and bromate. Water Res. 96, 188–197. 758 
doi:10.1016/j.watres.2016.03.065 759 
Jiang, Y., Goodwill, J.E., Tobiason, J.E., Reckhow, D.A., 2015. Effect of Different 760 
Solutes, Natural Organic Matter, and Particulate Fe(III) on Ferrate(VI) 761 
Decomposition in Aqueous Solutions. Environ. Sci. Technol. 49, 2841–2848. 762 
doi:10.1021/es505516w 763 
Jones, D.B., Saglam, A., Triger, A., Song, H., Karan, T., 2011. I-THM Formation and 764 
Speciation : Preformed Monochloramine versus Prechlorination Followed by 765 
Ammonia Addition. Environ. Sci. Technol. 45, 10429–10437. 766 
doi:10.1021/es202745t 767 
Krasner, S.W., Mitch, W.A., Westerhoff, P., Dotson, A., 2012. Formation and control of 768 
emerging C- and N-DBPs in drinking water. J. Am. Water Works Assoc. 104, 582–769 
595. doi:10.5942/jawwa.2012.104.0148 770 
Kristiana, I., Lethorn, A., Joll, C., Heitz, A., 2014. To add or not to add: The use of 771 
quenching agents for the analysis of disinfection by-products in water samples. 772 
Water Res. 59, 90–98. doi:10.1016/j.watres.2014.04.006 773 
Kumar, K., Day, R. a., Margerum, D.W., 1986. Atom-transfer redox kinetics general-774 
acid-assisted oxidation of iodide by chloramines and hypochlorite. Inorg. Chem. 25, 775 
4344–4350. doi:10.1021/ic00244a012 776 
Kumar, K., Margerum, D.W., 1987. Kinetics and mechanism of general-acid-assisted 777 
oxidation of bromide by hypochlorite and hypochlorous acid. Inorg. Chem. 26, 778 
2706–2711. doi:10.1021/ic00263a030 779 
Langsa, M., Heitz, A., Joll, C.A., von Gunten, U., Allard, S., 2017. Mechanistic Aspects 780 
of the Formation of Adsorbable Organic Bromine during Chlorination of Bromide-781 
containing Synthetic Waters. Environ. Sci. Technol. acs.est.7b00691. 782 
doi:10.1021/acs.est.7b00691 783 
Lee, C., Lee, Y., Schmidt, C., Yoon, J., Von Gunten, U., 2008. Oxidation of suspected N-784 
nitrosodimethylamine (NDMA) precursors by ferrate (VI): Kinetics and effect on 785 
the NDMA formation potential of natural waters. Water Res. 42, 433–441. 786 
doi:10.1016/j.watres.2007.07.035 787 
Lee, Y., Um, I., Yoon, J., 2003. Arsenic(III) oxidation by iron(VI) (ferrate) and 788 
subsequent removal of arsenic(V) by iron(III) coagulation. Environ. Sci. Technol. 789 
37, 5750–6. 790 
Lee, Y., von Gunten, U., 2010. Oxidative transformation of micropollutants during 791 
municipal wastewater treatment: Comparison of kinetic aspects of selective 792 
(chlorine, chlorine dioxide, ferrateVI, and ozone) and non-selective oxidants 793 
 
41 
 
(hydroxyl radical). Water Res. 44, 555–566. doi:10.1016/j.watres.2009.11.045 794 
Luh, J., Mari??as, B.J., 2014. Kinetics of bromochloramine formation and 795 
decomposition. Environ. Sci. Technol. 48, 2843–2852. doi:10.1021/es4036754 796 
Ma, J., Liu, W., 2002. Effectiveness of ferrate (VI) preoxidation in enhancing the 797 
coagulation of surface waters. Water Res. 36, 4959–4962. 798 
McCurry, D.L., Quay, A.N., Mitch, W.A., 2016. Ozone Promotes Chloropicrin 799 
Formation by Oxidizing Amines to Nitro Compounds. Environ. Sci. Technol. 50, 800 
1209–1217. doi:10.1021/acs.est.5b04282 801 
Murmann, R., Robinson, P., 1974. Experiments utilizing ferrate for purifying water. 802 
Water Res. 8, 543–547. 803 
Plewa, M.J., Kargalioglu, Y., Vankerk, D., Minear, R.A., Wagner, E.D., 2002. 804 
Mammalian cell cytotoxicity and genotoxicity analysis of drinking water 805 
disinfection by-products. Environ. Mol. Mutagen. 40, 134–142. 806 
doi:10.1002/em.10092 807 
Plewa, M.J., Wagner, E.D., Jazwierska, P., Richardson, S.D., Chen, P.H., McKague,  a 808 
B., 2004. Halonitromethane drinking water disinfection byproducts: chemical 809 
characterization and mammalian cell cytotoxicity and genotoxicity. Environ. Sci. 810 
Technol. 38, 62–68. doi:Doi 10.1021/Es030477l 811 
Plewa, M.J., Wagner, E.D., Richardson, S.D., Thruston,  a D., Woo, Y.T., McKague,  a 812 
B., 2004. Chemical and biological characterization of newly discovered lodoacid 813 
drinking water disinfection byproducts. Environ. Sci. Technol. 38, 4713–4722. 814 
doi:Doi 10.1021/Es049971v 815 
Reckhow, D.A., Singer, P.C., 1990. Chlorination by-products in drinking waters. From 816 
formation potentials to finished water concentrations. J. / Am. Water Work. Assoc. 817 
82, 173–180. doi:10.1108/EJTD-03-2013-0030 818 
Reckhow, D. a., Legube, B., Singer, P.C., 1986. The ozonation of organic halide 819 
precursors: effect of bicarbonate. Water Res. 20, 987–998. doi:10.1016/0043-820 
1354(86)90040-0 821 
Rice, R.G., 1980. The use of ozone to control trihalomethanes in drinking water 822 
treatment. Ozone Sci. Eng. 2, 75–99. doi:10.1080/01919518008550870 823 
Richardson, S.D., Plewa, M.J., Wagner, E.D., Schoeny, R., DeMarini, D.M., 2007. 824 
Occurrence, genotoxicity, and carcinogenicity of regulated and emerging 825 
disinfection by-products in drinking water: A review and roadmap for research. 826 
Mutat. Res. - Rev. Mutat. Res. 636, 178–242. doi:10.1016/j.mrrev.2007.09.001 827 
Robinson, M., Bull, R.J., Olson, G.R., Stober, J., 1989. Carcinogenic activity associated 828 
with halogenated acetones and acroleins in the mouse skin assay. Cancer Lett. 48, 829 
197–203. doi:10.1016/0304-3835(89)90118-3 830 
Rosen, H.M., 1980. State-of-the-art of ozonation for commercial applications in the US, 831 
in: AIChE Symp. Ser.;(United States). Union Carbide Corp. 832 
 
42 
 
Schink, T., Waite, T.D., 1980. Inactivation of f2 virus with ferrate(VI). Water Res. 14, 833 
1705–1717. doi:10.1016/0043-1354(80)90106-2 834 
Schneider, O.D., Tobiason, J.E., 2000. Preozonation effects on coagulation. J. / Am. 835 
Water Work. Assoc. 92, 74–87. 836 
Seidel, C., Samson, C., Bartrand, T., Ergul, A., Summers, R.S., 2017. Disinfection 837 
Byproduct Occurrence at Large Water Systems After Stage 2 DBPR. J. Am. Water 838 
Work. Assoc. 109, 17–30. 839 
Shan, J., Hu, J., Sule Kaplan-Bekaroglu, S., Song, H., Karanfil, T., 2012. The effects of 840 
pH, bromide and nitrite on halonitromethane and trihalomethane formation from 841 
amino acids and amino sugars. Chemosphere 86, 323–328. 842 
doi:10.1016/j.chemosphere.2011.09.004 843 
Sharma, V., 2002. Potassium ferrate (VI): an environmentally friendly oxidant. Adv. 844 
Environ. Res. 2002, 143–156. 845 
Sharma, V.K., 2013. Ferrate(VI) and ferrate(V) oxidation of organic compounds: 846 
Kinetics and mechanism. Coord. Chem. Rev. doi:10.1016/j.ccr.2012.04.014 847 
Sharma, V.K., 2011. Oxidation of inorganic contaminants by ferrates (VI, V, and IV)--848 
kinetics and mechanisms: a review. J. Environ. Manage. 92, 1051–73. 849 
doi:10.1016/j.jenvman.2010.11.026 850 
Sharma, V.K., 2010. Oxidation of inorganic compounds by Ferrate(VI) and Ferrate(V): 851 
one-electron and two-electron transfer steps. Environ. Sci. Technol. 44, 5148–52. 852 
doi:10.1021/es1005187 853 
Siddiqui, M., Amy, G., Rice, R., 1995. Bromate ion formation: a critical review. J. / Am. 854 
Water Work. Assoc. 87, 58–70. doi:10.1002/j.1551-8833.1995.tb06435.x 855 
Smith, E.M., Plewa, M.J., Creek, R., 2010. Comparison of Byproduct Formation in 856 
Waters Treated with Chlorine and Iodine: Relevance to Point-of-Use Treatment 44, 857 
8446–8452. doi:10.1021/es102746u 858 
Song, Y., Deng, Y., Jung, C., 2016. Mitigation and degradation of natural organic matters 859 
(NOMs) during ferrate(VI) application for drinking water treatment. Chemosphere 860 
146, 145–153. doi:10.1016/j.chemosphere.2015.12.001 861 
Speitel, G.E., Symons, J.M., Diehl, A.C., Sorensen, H.W., Cipparone, L.A., Jr, G.E.S., 862 
Symons, J.M., Diehl, A.C., Sorensen, H.W., Cipparone, L.A., 1993. Effect of Ozone 863 
Dosage and Subsequent Biodegradation on Removal of DBP Precursors. J. / Am. 864 
Water Work. Assoc. 85, 86–95. 865 
Staehelin, J., Holgné, J., 1982. Decomposition of Ozone in Water: Rate of Initiation by 866 
Hydroxide Ions and Hydrogen Peroxide. Environ. Sci. Technol. 16, 676–681. 867 
doi:10.1021/es00104a009 868 
Stevens, A.A., Symons, J.M., 1976. Measurement of THM and precursor concentration 869 
changes. J. Am. Water Works Assoc. 68, 546–554. 870 
 
43 
 
Sulzberger, B., Canonica, S., Egli, T., Giger, W., Klausen, J., von Gunten, U., 1997. 871 
Oxidative transformations of contaminants in natural and in technical systems. 872 
Chim. Int. J. Chem. 51, 900–907. 873 
Tobiason, J.E., Edzwald, J.K., Reckhow, D.A., Switzenbaum, M.S., 1993. Effect of pre-874 
ozonation on organics removal by in-line direct filtration. Water Sci. … 27, 81–90. 875 
Valade, M.T., Becker, W.C., Edzwald, J.K., 2009. Treatment selection guidelines for 876 
particle and NOM removal. J. Water Supply Res. Technol. - AQUA 58, 424–432. 877 
doi:10.2166/aqua.2009.201 878 
Valentine, R.L., 1986. Bromochloramine Oxidation of N , N-Diethyl-p -879 
phenylenediamine in the Presence of Monochloramine. Environ. Sci. Technol. 20, 880 
166–170. doi:0013-936X/86/0920-0166 881 
Van Benschoten, J.E., Edzwald, J.K., 1990. Chemical aspects of coagulation using 882 
aluminum salts - I. Hydrolytic reactions of alum and polyaluminum chloride. Water 883 
Res. 24, 1519–1526. doi:10.1016/0043-1354(90)90086-L 884 
Villanueva-Rodríguez, M., Sánchez-Sánchez, C.M., Montiel, V., Brillas, E., Peralta-885 
Hernández, J.M., Hernández-Ramírez, A., 2012. Characterization of ferrate ion 886 
electrogeneration in acidic media by voltammetry and scanning electrochemical 887 
microscopy. Assessment of its reactivity on 2,4-dichlorophenoxyacetic acid 888 
degradation. Electrochim. Acta 64, 196–204. doi:10.1016/j.electacta.2012.01.021 889 
von Gunten, U., 2003. Ozonation of drinking water: part II. Disinfection and by-product 890 
formation in presence of bromide, iodide or chlorine. Water Res. 37, 1469–87. 891 
doi:10.1016/S0043-1354(02)00458-X 892 
von Sonntag, C., von Gunten, U., 2012. Chemistry of Ozone in Water and Wastewater 893 
Treatment. IWA Publishing. 894 
Wert, E.C., Rosario-Ortiz, F.L., 2011. Effect of Ozonation on Trihalomethane and 895 
Haloacetic Acid Formation and Speciation in a Full-Scale Distribution System. 896 
Ozone Sci. Eng. doi:10.1080/01919512.2011.536504 897 
Westerhoff, P., Chao, P., Mash, H., 2004. Reactivity of natural organic matter with 898 
aqueous chlorine and bromine. Water Res. 38, 1502–1513. 899 
doi:10.1016/j.watres.2003.12.014 900 
Westerhoff, P., Debroux, J., Aiken, G., Amy, G.L., 1999. Ozone Induced changes in 901 
natural organic matter (nom) structure. Ozone Sci. … 21, 551–570. 902 
Xiong, F., Graham, N.J.D., 1992. Rate Constants for Herbicide Degradation by Ozone. 903 
Ozone Sci. Eng. 14, 283–301. doi:http://dx.doi.org/10.1080/01919519208552274 904 
Yang, X., Guo, W., Zhang, X., Chen, F., Ye, T., Liu, W., 2013. Formation of disinfection 905 
by-products after pre-oxidation with chlorine dioxide or ferrate. Water Res. 47, 906 
5856–5864. doi:10.1016/j.watres.2013.07.010 907 
Yang, X., Peng, J., Chen, B., Guo, W., Liang, Y., Liu, W., Liu, L., 2012. Effects of ozone 908 
and ozone/peroxide pretreatments on disinfection byproduct formation during 909 
 
44 
 
subsequent chlorination and chloramination. J. Hazard. Mater. 239–240, 348–354. 910 
doi:10.1016/j.jhazmat.2012.09.006 911 
Yang, X., Shang, C., Westerhoff, P., 2007. Factors affecting formation of 912 
haloacetonitriles, haloketones, chloropicrin and cyanogen halides during 913 
chloramination. Water Res. 41, 1193–1200. doi:10.1016/j.watres.2006.12.004 914 
Yates, B.J., Darlington, R., Zboril, R., Sharma, V.K., 2014a. High-valent iron-based 915 
oxidants to treat perfluorooctanesulfonate and perfluorooctanoic acid in water. 916 
Environ. Chem. Lett. 413–417. doi:10.1007/s10311-014-0463-5 917 
Yates, B.J., Zboril, R., Sharma, V.K., 2014b. Engineering aspects of ferrate in water and 918 
wastewater treatment – a review. J. Environ. Sci. Heal. Part A 49, 1603–1614. 919 
doi:10.1080/10934529.2014.950924 920 
Yu, Y., Reckhow, D.A., 2015. Kinetic Analysis of Haloacetonitrile Stability in Drinking 921 
Waters. Environ. Sci. Technol. 49, 11028–11036. doi:10.1021/acs.est.5b02772 922 
Zhang, M.-S., Xu, B., Wang, Z., Zhang, T.-Y., Gao, N.-Y., 2015. Formation of iodinated 923 
trihalomethanes after ferrate pre-oxidation during chlorination and chloramination of 924 
iodide-containing water. J. Taiwan Inst. Chem. Eng. doi:10.1016/j.jtice.2015.11.007 925 
 926 
  927 
 
45 
 
Supplementary Information 928 
Text S1. HAA and THM analyses were conventional, following USEPA 552.2 and 551.1. 929 
These methods are well established with typical method detection limits and limits of 930 
quantification well below the concentrations measured in this study (see Tables S1 through 931 
Tables S3, and Figure S1. Standard deviations are commensurate with the method detection 932 
limits. Figure S1 includes additional bromodichloromethane measurements collected 933 
during this reported research and the linear relationship used to approximate measurement 934 
standard deviation (SD) (4.4%). The (SD) of other DBP measurements reported in this 935 
study were assessed in the same manner, with bromodichloromethane representing the 936 
highest (e.g. worst-case) SD.  937 
Table S1. Method Detection Limits for Volatile Extractables 938 
Commercial 
Mix Analyte 
Molecular 
Formula 
MDL (µg/L) 
Analyst 1 Analyst 2 
EPA 551A 
Chloroform (TCM) CHCl3 0.065 0.15 
Bromodichloromethane (BDCM) CHCl2Br 0.077 0.020 
Chlorodibromomethane (CDBM) CHClBr2 0.018 0.024 
Bromoform (TBM) CHBr3 0.033 0.069 
EPA 551B 
Trichloroacetonitrile (TCAN) C2Cl3N  0.043 
Dichloroacetonitrile (DCAN) C2HCl2N 0.025 0.015 
Dibromoacetonitrile (DBAN) C2HBr2N 0.017 0.034 
Bromochloroacetonitirile (BCAN) C2HClBrN 0.014 0.039 
1,1-dichloropropanone (DCP) C3H6Cl2 0.016 0.027 
1,1,1-trichloropropanone (TCP) C3H5Cl3 0.004 0.016 
Chloropicrin (TCNM) CCl3NO2 0.006 0.018 
 939 
  940 
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Table S2. Method Detection Limits for HAA 941 
Analyte Molecular Formula MDL (µg/L) 
Monochloroacetic Acid (MCAA) CH2ClCOOH 0.25 
Monobromoacetic Acid (MBAA) CH2BrCOOH 0.21 
Dichloroacetic Acid (DCAA) CHCl2COOH 0.29 
Bromochloroacetic Acid (BCAA) CHBrClCOOH 0.39 
Dibromoacetic Acid (DBAA) CHBr2COOH 0.13 
Trichloroacetic Acid (TCAA) CCl3COOH 0.13 
Bromodichloroacetic Acid (BDCAA) CBrCl2COOH 0.20 
Chlorodibromoacetic Acid (CDBAA) CBr2ClCOOH 0.34 
Tribromoacetic Acid (TBAA) CBr3COOH 0.78 
 942 
Table S3. Method Detection Limits for TOX 943 
Analyte Method detection limit (mg/L) Analyst 1 Analyst 2 
Total organic chloride (TOCl) 0.0014 0.010 
Total organic bromide (TOBr) 0.0023 0.0044 
Total organic bromide (TOI) 0.0035  
 944 
Table S4. Method Detection Limits for Iodinated THMs 945 
Analyte Molecular Formula MDL (µg/L) 
Dichloroiodomethane (DCIM) CHCl2I 0.106 
Bromochloroiodomethane (BCIM) CHClBrI 0.086 
Dibromoiodomethane (DBIM) CHBr2I  0.074 
Chlorodiiodomethane (CDIM) CHClI2 0.056 
Bromodiiodomethane (BDIM) CHBrI2 0.023 
Triiodomethane (TIM) CHI3 0.063 
 946 
 
47 
 
 947 
Figure S1. Linear relationship between mean concentration and standard deviation for 948 
replicate bromodichloromethane measurements.  949 
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 950 
Figure S2. Speciation of THMs, DHAAs, THAAs, and DHANs at various bromide 951 
concentrations under different oxidation scenarios for the NW water. 952 
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 954 
Figure S3. Effect of ferrate and ozone pre-oxidation on the BSF of THMs, THAAs, 955 
DHAAs, and DHANs at different bromide concentrations with chlorination. 956 
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 957 
Figure S4. THM, DHAA, and THAA precursor removal by ferrate and ozone in GL and 958 
NW waters (this study) and precursor removal by ozone in Black Lake water (Reckhow et 959 
al., 1986) at different carbonate concentrations and pH 7.0. 960 
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 961 
Figure S5. Effect of ferrate and ozone pre-oxidation on bromate formation at different 962 
bromide concentrations. Experimental condition: pH = 7.0 963 
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 965 
 966 
Figure S6. Correlations between the TOCl concentration and the chloride concentration 967 
in specific DBP groups.  968 
 969 
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 970 
Figure S7. Effect of ferrate and ozone pre-oxidation on the formation of THMs, DHAAs, 971 
and DHANs from chloramination at different bromide concentrations for the NW water. 972 
 973 
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 974 
Figure S8. The percentage of change of THM, DHAA, and DHAN yields from 975 
chloramination caused by ferrate and ozone pre-oxidation. Negative change in yield (%) 976 
indicates decrease in DBP yield, whereas positive change in yield (%) indicates increase 977 
in DBP yield. 978 
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 979 
Figure S9. Effect of ferrate and ozone pre-oxidation on the BSF of THMs, DHAAs, and 980 
DHANs at different bromide concentrations with chloramination. 981 
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Figure S10. Calculated total relative cytotoxicity resulting from THM concentrations in 984 
each experimental condition. 985 
